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Butterfly wing color patterns are produced by the placement of monochromatic scales
that have specific colors due to pigmentation, nanostructures, or a combination of both.
Structural coloration results from the interference of light from the architecture of the
nanostructures. Structural coloration in butterfly scales has been studied optically, but little is
known about the mechanisms used to create these scales compared to scales without structural
coloration. Light, scanning, and transmission electron microscopy were used to determine
underlying morphological, pigmentation, and developmental differences between blue (i.e.,
structural) and black (i.e., nonstructural) wing scales of Vanessa cardui. Differences in scale
size, pigmentation, nanostructure spacing, and cuticle deposition were identified as contributors
to structural coloration in mature scales. Differences in cuticle deposition, trabeculae formation,
and longitudinal ridge spacing were identified during development. Differences in cuticle
deposition during scale development were implicated as an influential factor for the production
of structural coloration.
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INTRODUCTION
The color patterns of animals have long fascinated humans of all ages. While a variety of
colors are found in nature, blue is relatively uncommon. Few species have blue color patterns,
but the majority of those that do, like blue poison dart frogs and blue jays, use a different
approach to producing coloration (Bagnara, Fernandez, & Fujii, 2007). Instead of utilizing blue
pigments to produce color, the blue color is created by the interactions of light with biological
nanostructures. In this case, changes in the morphology of the structures allow for only blue
wavelengths of light to be reflected, and therefore, seen by the naked eye (Kinoshita, Yoshioka,
&Miyazaki, 2008). This method of producing color is referred to as structural coloration. It is
unknown why blue color is almost exclusively produced by structural coloration instead of
pigments and is an ongoing area of research.
Some of the most studied examples of blue coloration are the blue color patterns of
butterfly wings. The color patterns of butterfly wings are created by the orderly arrangement of
monochromatic scales (Figure 1.1). The color of a scale can be produced by either chemical
means, when biochemical processes flood the scale cell with pigments of a certain color, or by
structural means, as mentioned above. Pigmentation can also aid in the production of structural
coloration by providing a backdrop that influences the scattering of light. In almost all blue
scales, the blue color is produced by the combination blue-producing nanostructures and
underlying melanic pigmentation.
1

Most studies involving butterfly wing coloration have addressed questions about wing
color pattern elements, specifically their possible functions (Mallet & Gilbert, 1995; Silberglied
& Taylor, 1973) and the genetic basis for their formation (Brunetti, Selegue, Montiero, French,
Brakefield, & Carrol, 2001; Martin & Reed, 2014; Nijhout, 1991). More recent studies have
begun to focus on pattern formation at the cellular level, or at the level of the individual wing
scales, including scale development. (Dinwiddie, Null, Pizzano, Chuong, Krup, Tan, & Patel,
2014; Matsuoka & Monteiro, 2018; Stavenga, Leertouwer, & Wilts, 2014). Few studies,
however, have addressed the developmental basis for color patterns that are produced using
structural coloration.

Figure 1.1

Formation of eyespot color pattern by the arrangement of scales in Vanessa cardui,
the painted lady butterfly.

(A) Vanessa cardui butterfly; scale bar = 1 cm. (B) Ventral hindwing eyespot; scale bar = 2 mm.
(C) Monochromatic scales forming the eyespot; scale bar = 150 µm. Modified from Dinwiddie et
al. (2014).
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1.1

Scale development
Butterfly wing scales are thin, flattened cuticular evaginations of specialized cells in the

wing epithelium that have undergone apoptosis (Nijhout, 1991). The scales are morphologically
homologous to sensory bristles of Drosophila and form using similar genetic circuitry (Galant,
Skeath, Paddock, Lewis, & Carroll, 1998). The production of a scale, like all macrochaetae,
begins with the production of the sensory organ precursor (SOP) cell soon after pupation
(Dinwiddie et al., 2014; Galant et al., 1998). The SOP cell undergoes two asymmetric divisions
of cytoplasmic contents. The first division produces a precursor that will later give rise to a
neuron, a thecogen (sheath cell), and a glial/ligament cell, and a precursor that gives rise to the
macrochaetae and their components. During the second division, one of the macrochaeteproducing progenies becomes a scale cell, and the other cell becomes a socket cell that anchors
the scale cell to the wing epithelium (Ghiradella and Butler, 2009; Figure 1.2).

3

Figure 1.2

Development of the scale cell based on bristle homology. After Ghiradella and
Butler (2009).

For Vanessa cardui, as well as for other commonly studied butterflies such as Junonia
coenia and Pieris rapae, the morphology of a scale begins to develop about 24 hours after pupal
formation (APF) (~ 14% of pupation completed) when the scale and the socket are first seen as
buds. Over the next 72 hours APF (up to ~ 43% of pupation completed), the scale elongates and
forms membrane pleats with the help of F-actin. The scale reaches its final size about 96 hours
APF (~ 57% of pupation completed; Dinwiddie et al., 2014; Figure 1.3). During the final stages
of pupation, the scale cell undergoes apoptosis and leaves behind a chitinous shell with an upper
and lower lamina.
4

The rate of scale elongation and development can differ in different regions of the wings.
For example, the scales located at the distal regions of the wings tend to elongate faster than
scales that are located more proximally to the body (Dinwiddie et al., 2014). The overall shape of
a scale can also vary among taxa and individuals, and depending on the region of the wing from
where a scale originates (Downey and Allyn, 1975; Ghiradella, 1985; Süffert, 1924).

Figure 1.3

Formation and elongation of the scale cell.

(A) Scale cells (arrow) begin to form rows in the wing epithelium; scale bar = 30 µm. (B) Scales
begin to elongate and arrange in a size alternating fashion (arrow and arrowhead); scale bar = 15
µm. (C) Scales continue to elongate; scale bar = 15 µm. (D) F-actin forms bundles and organizes
along the length of the scale; scale bar = 5 µm. Modified from Dinwiddie et al. (2014).

1.2

Scale nanostructures
The surface and the interior of the scales have intricate morphologies (Figure 1.4).

Longitudinal ridges run along the length of the scale, and microribs run along the sides of the
longitudinal ridges. Crossribs extend between the ridges and create window-like openings into
the interior of the scale. Within the interior of some types of pigmented scales, like scales
5

pigmented with pterins, pigment granules suspend from crossribs. Pillar-like trabeculae can be
found traversing the upper and lower laminae inside the scale.

Figure 1.4

Reconstruction of the typical butterfly wing scale and its associated nanostructures.
Modified from Ghiradella and Radigan (1976).

Various scale morphologies and nanostructures have been extensively reported, but few
studies have thoroughly investigated their development. Earlier studies have focused on
characterizations of ridge morphologies and their formation, hypothesizing that height of the
ridges is formed by buckling due to mechanical stress (Ghiradella, Aneshansley, Eisner,
Silberglied, & Hinton, 1972; Ghiradella, 1974; Greenstein, 1972; Locke, 1958; Overton, 1966))
Filamentous actin (F-actin) has also been shown to play essential roles in elongation and
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orientation of the scale during development (Dinwiddie et al., 2014; Picken, 1949), as well as
interacting with the cuticle, crosslinking enzymes, and proteins during the production of
longitudinal ridges, microribs, and crossribs (Dinwiddie et al., 2014; Tilney and DeRosier,
2005). Recently, it has been shown that genes involved in the melanin pathway appear to be
involved in the formation of many scale nanostructures, such as crossribs, trabeculae, and ectopic
laminae (Matsuoka and Monteiro, 2018). Specific data pertaining to how these elements interact
together to produce the various nanostructures are lacking.

1.3

Production of structural coloration in scales
Structural coloration in butterfly scales is mediated by variations of the basic scale

architecture. For example, the blue color of Morpho (Nymphalidae) butterfly scales is produced
by firtree-like modifications of the longitudinal ridges, termed lamellar ridges, as well as black
pigments, called melanin, diffused throughout the scale. The lamellar ridges cause constructive
interference of light, while the melanin pigmentation absorbs stray red and green wavelengths of
light (Vukusic & Sambles, 2003). It is the combination of the structures and the pigmentation
that allows for the blue color to be produced. The use of lamellar ridges is also seen with scales
that produce colors in the ultraviolet wavelengths, except in the case of these scales, the ridges
are more tightly spaced (Ghiradella et al., 1972). Curiously, modifications of different
nanostructures can be utilized to create the same color. For example, increases in the height of
microribs have been shown to be responsible for the coloration of blue scales in Trogonoptera
brookiana (Papilionidae) while changes in the spacing and morphology of crossribs produces
blue colored scales in Papilio zalmoxis (Papilionidae) (Ghiradella, 1985). Other modifications of
7

the upper laminae also contribute to the production of structural coloration. The production of
ectopic laminae, which results in the closing of the window-like structures that occupy the interridge region between the crossribs, can produce a silvery appearance in some white-pigmented
nymphalid butterflies (Simonsen, 2007). Elaborations of trabeculae morphology in the interior of
the scale produce structural coloration by either creating stacks of thin films, as seen in the green
scales of Ornithoptera priamus (Lycaenidae) and several members of the Papilio family, or
constructing meshwork photonic systems, as is the case for the blue scales of Celestrina ladon
(Lycaenidae) and the green scales of Parides sesostris (Papilionidae)(Ghiradella, 1984;
Ghiradella, 1985; Ghiradella, 1989). Subtle variation in scale architecture can also produce
structural coloration. The color of blue scales in the eyespots of Aglais io (Nymphalidae) is
generated from minor changes in the thickness of the lower lamina, as well as changes in scale
stacking (Wasik, Liew, Lilien, Dinwiddie, Noh, Cao, & Monteiro, 2014).
While there is a plethora of information on the biophysics behind structural coloration
(Ghiradella et al., 1972; Giraldo & Stavenga, 2016; Silberglied & Taylor, 1973; Stavenga,
Leertouwer, & Wilts, 2014; Trzeciak et al., 2012; Vukusic et al., 1999) and the morphologies
that produce structural coloration (Ghiradella, 1984;Ghiradella 1985; Ghiradella, 1989;
Ghiradella & Butler, 2009; Huxley, 1976; Wasik et al., 2014) , as well as the general timeline of
scale development (Dinwiddie et al., 2014; Greenstein, 1972; Ghiradella, 2010; Ghiradella &
Radigan, 1976; Overton, 1966) and the genetic controls of pigment biosynthesis (Martin & Reed,
2014; Matsuoka & Monteiro, 2018; Zhang et al., 2017), there is a paucity of knowledge on how
variations in the developmental processes of scales facilitate structural coloration.
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To understand the differences in development that contribute to the production of
structural coloration, I used blue and black wing scales from Vanessa cardui (Nymphalidae).
Both blue and black scales will be studied since the blue scales of many butterfly species have
black, or melanic, pigmentation in addition to blue-producing nanostructures. In this study, the
black scales will be considered as the “default” scale type for blue scales. I first characterized
differences in adult scale morphologies of the blue and black scales that are known to be
associated with the production of structural coloration, particularly blue, in other butterfly
species. I also characterized differences in pigmentation between the two scale types, as
pigmentation plays a role in structural coloration. Then, I characterized developmental
differences between the blue and black scales in relation to the nanostructure differences that
were observed in the respective adult scales. For the developmental characterizations, I examined
blue and black scales at 120 hours after pupal formation (APF), as this is the stage of
development that many structures, like trabeculae, are in the process of forming, while other
structures, like longitudinal ridges, should be fully formed (Ghiradella, 1974). The process of
melanization also begins to occur around 120 hours APF in Vanessa cardui scales (Dinwiddie et
al., 2014).
I hypothesized that the production of blue structural coloration would be due to variations
of the upper lamina surface and its associated nanostructures, trabeculae morphology, and scale
stacking, as these have already been identified as mechanisms for producing structural
coloration, especially blue, in other species. I also hypothesized that these variations would be
produced by differences in cuticle deposition. It has been suggested that spatial patterns of
cuticle deposition affect both the pigmentation and structural coloration of wing scales
9

(Dinwiddie et al., 2014; Ghiradella, 1974; Simonsen, 2007; Xiong et al., 2017). As cuticle
deposition involves the use of exocytotic secretory vesicles, which arise from Golgi complexes
(Ghiradella and Radigan, 1976), I also hypothesize that differences in cuticle deposition may
relate to differences in the frequency of secretory vesicles within the developing scale cell.
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CHAPTER II
METHODS
2.1

Larval rearing and pupal staging
Vanessa cardui butterflies were supplied by John and Peggy Guyton from the

Department of Biochemistry, Molecular Biology, Entomology, and Plant Pathology at
Mississippi State University. The males and females were housed in 30.5 x 30.5 cm mesh flight
cages with no more than 15 individuals to a cage and approximately equal numbers of males and
females. Hatchling larvae were fed an artificial lima bean-based diet originally used for Colias
(Taylor, Grula, & Hayes, 1981) and housed in 74-ml plastic cups with the artificial diet with no
more than ten first-instar larvae per cup. As the larvae grew, fewer larvae were housed in each
cup to avoid space competition. Cups and artificial diet were replaced every other day.
Individuals were separated as they approached pupation. When pupation was complete
(determined by the hardening of the pupal casing), the time of pupation and further
developmental timing was recorded as hours after pupal formation (APF). Once the wings of the
individuals dried after eclosion, the individuals were collected and preserved in wax paper
envelopes to prevent damage to the wings and scales. All other individuals not used for analyses
were returned to the colony.
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2.2

Light microscopy
The individual scales were removed with a tungsten needle from the area between the

central and border symmetry systems and the M1 and M2 veins on the dorsal forewing (black) or
the reflective portion of the eyespot located between the Cu1 and M3 veins on the ventral
hindwing (blue) (Figure 2.1). All scales were mounted on a microscope slide with clove oil,
which has a similar refractive index to insect cuticle and allows the scales to be viewed without
the production of structural coloration (Wasik et al., 2014). The cover slips were sealed with nail
polish and the scales were imaged at 40x magnification with a Zeiss Axioskop2 Plus with a
Canon 5DS camera. Images taken with the same light settings for brightness consistency. Only
cover scales were imaged, as ground scales have a different morphology and have less influence
on structural coloration in most cases (Ghiradella, 1989).
2.2.1

Scale size measurements
Each scale was measured using digital light microscopy images and measurement tools

with ImageJ (Rasband, 1997). The length of each scale was measured from the distal end to the
proximal end of the scale. The width of each scale was recorded from its widest point.
Measurements were taken from 3 scales of each type per individual, and the measurements were
then averaged for each scale type from the same individual. The average measurement per
individual was used for statistical testing (N = 5 individuals for both blue and black scales).
Student’s T-tests were performed to test for differences between the scale types and violin plots
of the data were generated with ggplot 2 in R studio (Wickham, 2016).
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2.2.2

Pigmentation measurements
The relative amount of pigmentation in each scale was quantified using digital light

microscopy images and L*a*b* color space analysis in ImageJ, which mathematically describes
color in a three-dimensional space (Rasband, 1997). Only the L-value (0-100) was used because
it indicates the brightness of a color with values increasing as the brightness increases (Hirschler,
2010. L-value measurements taken from 3 scales of each type per individual, and the
measurements were then averaged for each scale type from the same individual. The average
measurement per individual was used for statistical testing (N = 5 individuals for both blue and
black scales). Student’s T-test was performed to test for difference. Ggplot2 in R studio was used
to generate violin plots (Wickman, 2016).

2.3

2.3.1

Electron microscopy

Scanning electron microscopy
Black scales were obtained by cutting a 1 mm area of the dorsal forewing with iris

scissors between the central and border symmetry systems and the M1 and M2 veins. To obtain
blue scales, a small square was cut from the ventral hindwing eyespot between the Cu1 and M2
veins. The samples were mounted on separate aluminum stubs with silver paste and sputter
coated with 30 nm of platinum. The samples were imaged at 5,000, 10,000, and 15,000x
magnification on a JEOL JSM-6500F FE-SEM at 5 kV.
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Figure 2.1

The nymphalid ground plan.

Areas used to collect the black and blue scales are indicated with yellow and red boxes,
respectively. Modified from Martin and Reed (2014).

2.3.2

Transmission electron microscopy
Pupal wing discs were dissected at 120 hours APF in warm 0.1 M cacodylate buffer. The

dissected wing discs were immediately placed in a fixative solution of 2.5% glutaraldehyde and
2% paraformaldehyde in 0.1 M cacodylate with 2mM calcium chloride buffer at pH 7.4 and
incubated for two hours at room temperature. Fixed wing discs were washed in 4°C 0.1 M
cacodylate buffer, then post-fixed in 2% osmium tetroxide in 0.1 M cacodylate buffer for 1 hour.
The wing discs were dehydrated in a graded ethanol series at 30, 50, 70, 85, 95, and 100% over
an 80-minute period. The wing discs were transitioned from 100% ethanol to 100% acetone, then
infiltrated with 1:1 acetone: Spurr’s resin overnight. The resin cured at 70℃ for three days. Wing
14

discs were oriented in the resin so that they would be cut at cross sections. The samples were thin
sectioned with a Reichert-Jung Ultracut E Ultramicrotome with the orientation of the wing discs
(ventral vs. dorsal and left vs. right) noted. For every 30 sections, one section was selected for
imaging to improve the chances of viewing multiple scales. The resulting 70 nm thick sections
were captured on copper grids and stained with uranyl acetate and lead citrate. The grids were
imaged at 30,000 and 40,000x using a JEOL JEM-1230 transmission electron microscope at 80
kV

2.3.3

Scale measurements and statistical analyses
For the scanning electron micrographs, scale measurements were made using ImageJ

(Rasband, 1997). The distances between the longitudinal ridges were taken at five different areas
of each scale and averaged for each scale, with multiple scales being used per individual. The
distances between the crossribs were also taken at five different areas of each scale and averaged
for each scale, with multiple scales used for each individual. The percent of cuticle covering the
upper laminae was measured for both scale types at 5,000x magnification in a 10 x 10 µm area
by comparing the number of covered inter-ridge spaces to the total number of inter-ridge spaces.
Only whole inter-ridge spaces were used for the counts. Student’s T- tests were performed
between the blue and black scales (N = 5 for black; N = 4 for blue) and violin plots were made in
R studio with ggplot 2 (Wickham, 2016). The presence and morphology of trabeculae was
characterized for blue and black scales.
For the transmission electron micrographs, scale measurements were made using ImageJ
(Rasband, 1997). The distance between longitudinal ridges was measured from the inner top
15

edge of one ridge to the inner top edge of another. The thickness and occurrence of cuticle
deposition between ridges was measured at the center of each inter-ridge region for blue scales
only due the lack of cuticle deposition between the ridges of the black scales. The occurrence of
trabeculae formation for each scale type was reported based on the presence or absence of
plasma membrane invaginations using characteristics mentioned by Ghiradella and Radigan
(1976). All measurements were done using 15 black scales and 19 blue scales from one
individual (N = 1 for both scale types) at 120 hours APF.
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CHAPTER III
RESULTS
3.1

Comparisons between mature blue and black scales

3.1.1 Scale size differences
To determine differences in scale size between the blue and black scales, the lengths and
widths were measured for both scale types. The blue scales were both 11% longer (Student’s ttest p = 0.000758) and 22% wider (p = 0.003097) than the black scales (Figure 3.1A and 3.1B).
The average length of the blue scales was 140.80 ± 4.80 µm, while the average length of the
black scales was 126.49 ± 4.80 µm (Figure 3.1C). The average width for the blue scales was
60.94 ± 5.28 µm while the average width for the black scales was 49.98 ± 3.42 µm (Figure
3.1D). Based on the measurements, the blue scales are larger than the black scales.

3.1.2

Pigmentation differences
To determine if differences in pigmentation existed between the blue and black scales,

the L-values, or measurements of brightness, were used as a proxy for determining the relative
amounts of pigmentation. This method is similar to the method used by Matsuoka and Monteiro
(2018) to quantitatively assess color in order to determine differences in pigmentation. The blue
scales were 15% brighter than the black scales (Student’s t-test p = 0.00025; Figures 3.1A and
17

3.1B; Figure 3.2). The average L-value for the blue scales was 47.78 ± 4.33 and the average Lvalue for the black scales was 41.58 ± 3.09 (Figure 3.2). This suggests that the blue scales have
less pigmentation than the black scales.

Figure 3.1

Differences in size between mature black and blue scales.

(A) Representative light microscopy image of a mature black scale taken at 40x; scale bar = 50
µm. (B). Representative light microscopy image of a mature blue scale taken at 40x; scale bar =
50 µm. (C) Violin plot showing the differences in scale length based on scale type; N = 5 for
blue and N = 5 for black. (D) Violin plot showing the differences in scale width based on scale
type; N = 5 for blue and N = 5 for black.
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Figure 3.2

Differences in pigmentation between mature black and blue scales.

Violin plot showing the differences in L-value based on scale type; N = 5 for blue and N = 5 for
black.

3.1.3

Nanostructure morphology differences
To determine differences in nanostructure morphology between the two scale types, the

percent of cuticle covering the upper lamina surface, the distances between longitudinal ridges,
and the distances between crossribs were measured. Differences in trabeculae morphologies were
also characterized. There were notable differences between the amounts of cuticle deposition
between the blue and black scales. The black scales had mostly an open window appearance with
only 27% of the upper lamina surface covered with cuticle (76.64 ± 17.87% open windows)
(Figure 3.3A). The blue scales had cuticle that covered 91% of the upper lamina surface, creating
19

a closed window” appearance between the crossribs (8.79 ± 4.97% open windows) (Figure
3.3B). The blue scales also had a 38% longer distance between longitudinal ridges (2.25 ± 0.12
µm) than the black scales (1.63 ± 0.21 µm), (p = 0.000547) (Figure 3.3C). Blue scales also had a
90% longer distance between crossribs (0.76 ± 0.07 µm) than the black scales (0.40 ± 0.05 µm),
(p = 0.000144) (Figure 3.3D). The cuticular covering of the upper lamina of the blue scales
prevented the trabeculae from being visible. The trabeculae of the black scales were visible, and
varied in appearance, either having a column-like appearance or a sheet-like appearance (Figures
3.3A and 3.3B). These changes in nanostructure morphologies, namely the increased surface
cuticle deposition and nanostructural spacing, are likely involved in the production of blue
structural coloration.

20

Figure 3.3

Differences in nanostructures between mature black and blue scales.

(A) Representative SEM micrograph of a mature black scale taken at 15,000x; scale bar = 1 µm.
(B) Representative SEM micrograph of mature blue scale taken at 15,000x; scale bar = 1 µm. (C)
Violin plot showing the differences in longitudinal ridge distance based on scale type; N = 4 for
blue and N = 5 for black. (D) Violin plot showing the differences in crossrib distance based on
scale type; N = 4 for blue and N = 5 for black.

3.2

Comparisons between developing blue and black scales

3.2.1 Cuticle deposition differences
To characterize differences in upper lamina cuticle deposition during development
between the two scale types, the occurrence and thickness of cuticle deposition was compared
21

between the 19 blue scales and 15 black scales at 120 hours APF. Of the 19 developing blue
scales, 11 had instances of cuticle deposition between the ridges, with an average thickness of
48.09 ± 27.45 nm (Figure 3.4B, white arrow). None of the developing black scales had cuticle
deposited on the upper lamina surface, only plasma membrane between the longitudinal ridges
(Figure 3.4A). These differences in upper lamina cuticle deposition are consistent with the upper
lamina cuticle deposition patterns that are seen in the mature scales.

3.2.2

Differences in trabeculae formation
To determine if there were differences in trabeculae formation between the two scale

types, the occurrence and morphologies of the trabeculae was compared between the 19 blue
scales and 15 black scales 120 hours APF. Of the 19 developing blue scales, 14 showed signs of
trabeculae formation, with the trabeculae appearing as slight cuticle-filled invaginations of the
plasma membrane that did not completely extend from the upper lamina to the lower lamina
Figure 3.4B, black arrow). None of the 15 developing black scales showed signs of trabeculae
formation (Figure 3.4A). This difference in trabeculae formation could indicate differences in the
rate of development between the blue and black scales.

3.2.3

Differences in longitudinal ridge distances
To determine if the difference in longitudinal ridge distances between the two scale types

at 120 hours APF is similar to the difference observed in the mature scales, the distances
between the longitudinal ridges of the 19 blue and 15 black scales were measured. Unlikely the
trend observed in the mature scales, the black developing scales had 32% longer distances
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between the longitudinal ridges. The average distance between the longitudinal ridges of the
black developing scales was 2.14 ± 0.43 µm. The average distance between the longitudinal
ridges of the blue developing scales was 1.62 ± 0.27 µm (Figure 3.4C).

Figure 3.4

Differences in development between black and blue scales.

(A) Representative TEM micrograph of a developing black scale cross section at 120 hours APF
at 30,000x magnification; scale bar = 600 nm. (B) Representative TEM micrograph of a
developing blue scale cross section at 120 hours APF at 30,000x magnification with arrows
indicating upper lamina cuticle deposition (white arrow) and trabeculae formation (black arrow);
scale bar = 600 nm. (C) Violin plot showing the differences in longitudinal ridge distance based
on scale type.

23

CHAPTER IV
DISCUSSION
4.1

Biophysical methods for producing blue scales
To date, only one species of butterfly uses pigmentation as a means of creating blue

coloration. Even though cases of structural coloration can be found in all five families of true
butterflies, the presence of blue has only been reported in three of the five families. Each of these
families has evolved its own repertoire for making blue scales. Members of Papilionidae use
mechanisms that involve the alteration of microribs and crossribs in the upper laminae and
perforated multilayers in the interior of the scales (Huxley, 1976; Nijhout, 1991). Blue scales of
lycaenid butterflies can have interior perforated multilayers as well as meshworks of photonic
lattice systems originating from the trabeculae (Ghiradella, 1985). The nymphalids, including the
iconic Morpho butterflies, use a combination of different upper laminae modifications like
lamellar longitudinal ridges and changes in the thickness of the lower laminae together, in
addition to scale stacking (Giraldo and Stavenga, 2016; Stavenga, Leertouwer, & Wilts, 2014;
Trzeciak, Wilts, Stavenga, & Vukusic, 2012).
Based on the characterizations of mature Vanessa cardui scale morphologies, Vanessa
cardui likely uses mechanisms that are used by other nymphalids to produce structural
coloration, namely alterations of the longitudinal ridges, upper lamina cuticle deposition, and
differences in scale stacking. While cuticle deposition on the upper lamina surface has not been
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explicitly reported in the blue scales of other nymphalid butterflies, they have been observed in
the structurally colored silver scales of Agraulis vanillae (Simonsen, 2007). One explanation for
how blue coloration is produced with upper lamina cuticle deposition could be that the
underlying melanic pigmentation of the scale is reflecting light in the blue wavelengths instead
of producing a silver color, which is produced with the help of white pigmentation. How ectopic
laminae optically produce structural coloration has not been investigated, but because most cases
of structural coloration are the result of thin-film reflectance, the ectopic laminae may be acting
as a thin film. Also, the distances between the longitudinal ridges could also contribute to the
blue coloration in Vanessa cardui. A similar effect is observed in Morpho blue scales and UV
scales of some pierid species (Ghiradella, 1974; Giraldo, and Stavenga, 2016). Also, changes in
the size of scales could facilitate structural coloration by altering the stacking of scales. Scale
stacking has been implicated as one of the mechanisms for coloration in the blue scales of
Aglais Io (Stavenga et al., 2014). Alterations of the crossrib spacing have not been identified as
having a role in structural coloration for other nymphalids but have been implicated in the
production of blue coloration for papilio species. Because the cuticle layer on the upper lamina
surface of the blue scales prevented visualization of the internal structures of the scales, it is
unknown at this time if the blue scales also had morphological changes of the trabeculae. The
exact mechanisms that are used to the blue scales in Vanessa cardui wing color patterns is
unknown, however, my study offers plausible explanations for how the coloration is produced
and places the those explanation in a phylogenetic framework
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4.2

The role of pigmentation in determining the morphologies of scale nanostructures
As mentioned previously, pigmentation often aids in the production of structural

coloration. This is especially true with blue scales, which are most often accompanied by
melanic, or black pigmentation. While limited sample sizes prevented an analysis of the
relationship between the amount of pigmentation and the production of blue-producing scale
morphologies in Vanessa cardui, other studies have begun to link variations in pigment pathways
with morphological differences. The expression of the gene optix was originally thought to only
be involved in the production of red color patterns in nymphalid butterflies, but it has been
shown that repression of optix was associated with changes in scale structures, including the
induction of blue and black color patterning in Junonia coenia (Zhang, Mazo-Vargas, & Reed,
2017). It has also been shown that silencing of DDC and yellow in the melanic pathway can
produce changes in the morphology of the trabeculae and cuticle deposition on the upper lamina
surface. These results, specifically the production of cuticle on the upper lamina surface in
yellow mutants, are similar to what is seen in the blue, less-pigmented scales of Vanessa cardui.
The results of previous studies suggest that the processes of morphological development and
pigmentation may not be mutually exclusive. Considering that many blue scales also have
melanin pigmentation, it is likely that the development of blue scales is influenced by the
production of melanic pigments during development. Whether the difference in pigmentation
between the blue and black scales of Vanessa cardui is due to differences in the relative amounts
of melanin produced or variations in the melanic pathway has not been identified.
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4.3

Differences in developmental timing and cuticle deposition pattern likely contribute
to differences seen in mature scale morphologies
During development, the blue scales of Vanessa cardu had more instances of upper

lamina cuticle deposition. The thicker cuticle deposition during development is consistent with
the appearance of upper lamina cuticle deposition from the mature scales. According to
Ghiradella (1972 et al., 1974, 2010), for basic scales during development the regions between the
longitudinal ridges have a thin layer of cuticle deposited near the plasma membrane (called
“close contact regions”), which will break and form “open window” structures once the
individual ecloses and the scales dry. This is likely the case for the black scales, as they have a
basic scale morphology. In the case of the blue scales, a thicker layer of cuticle would be more
rigid and less susceptible to breaking during the scale drying process, which would result in the
retention of the cuticle layer in the mature scales.
As mentioned previously, a comparison between the trabeculae formation in mature and
developing blue scales is unable to be made. There was, though, a difference in trabeculae
formation for the black scales, with the developing scales not having instances of trabeculae
formation even though trabeculae are readily visible in the mature scales. There were also
differences in trabeculae formation between the developing scales, with the blue scales having
trabeculae. This difference could be due to differences in the rate of developmental between
scales. These differences could also be impacted by cuticle production, as trabeculae are formed
from the invagination of the plasma membrane and the subsequent filling of the space with
cuticle (Ghiradella, 2010).
There was also a discrepancy between longitudinal ridge distances during developing and
mature scales. The blue scales had longer distances between their longitudinal ridges than the
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black scales during maturity while the reverse was true for developing scales. Like with the
trabeculae formation, this inconsistency could also be due to differences with the rate of
development.
Both the production of the upper lamina cuticle layer and the trabeculae formation in the
developing blue scales relates to the changes in cuticle production and/or ability for cuticular
elements to aggregate. These differences in cuticle patterns could be related to differences in
pigmentation. This is supported by the findings of Matsuoka and Monteiro (2018), which
suggested that changes in the melanin pathway produced different products and would have
varying interactions with cuticular elements. While this does not give an answer as to what the
exact cellular mechanism for creating the morphologies needed to produce blue structural
coloration in Vanessa cardui is, it does provide an insight into the variations in development that
occur in relation to the production of structural coloration.

4.4

Future directions
One possible avenue for future research would be to expand upon the current study by

including more samples and including other nanostructural measurements, like lower lamina
thickness or longitudinal ridge height. This would allow for more detailed analyses to be done,
like examining the relationship between the amount of pigmentation and degree of
morphological variation. Larger sample sizes would also allow for more confident statistical
results. Including additional developmental stages for the developing scales would allow for a
better understanding of when major differences are occurring during development. Another
possible direction would be to evaluate the relationship between melanization and the production
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of blue coloration, possibly looking at specific genes from the melanin pathway, like yellow, that
could be differentially expressed between structurally and non-structurally colored scales. Since
blue and black color patterns are a recurring theme across lepidopterans and both can have
melanin pigmentation, future studies should also evaluate possible mechanisms for regulating a
black-to-blue “switch” during scale development. Lastly, future studies should consider possible
cellular mechanisms that could be responsible for the differences in cuticle patterns during
development, specifically looking at if the variation is due to an increase in cuticle production or
differences in cuticle aggregation facilitated by interactions between chitin and cuticular
proteins.
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CHAPTER V
CONCLUSION
This study provides the building blocks for future studies on the role of cuticle production
and deposition in the production of structural coloration in butterflies. Vanessa cardui uses
biophysical mechanisms that are similar to those used by other nymphalids in order to produce
its blue structurally colored scales, namely differences in upper lamina cuticle deposition and
changes in nanostructure spacing. The differences in cuticle deposition during development may
contribute to the morphological differences seen between the mature blue and black scales of
Vanessa cardui. Differences in pigmentation, possibly mediated by differences in the production
of melanin gene products, may also aid in the production of morphological variations.
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